A warning system for the sooty blotch and flyspeck (SBFS) fungal disease complex of apple, developed originally for use in the southeastern United States, was modified to provide more reliable assessment of SBFS risk in Iowa. Modeling results based on previous research in Iowa and Wisconsin had suggested replacing leaf wetness duration with cumulative hours of relative humidity (RH) >=97%as the weather input to the SBFS warning system. The purpose of the present study was to evaluate the performance of a RH based SBFS warning system, and to assess the potential economic benefits for its use in Iowa. The warning system was evaluated in two separate sets of trials-trial 1 during 2010 and 2011, and trial 2 during 2013-2015-using action thresholds based on cumulative hours of RH >=97% and >=90%, respectively, in conjunction with two different fungicide regimes. The warning system was compared with a traditional calendar-based system that specified spraying at predetermined intervals of 10 to 14 days. In trial 1, use of the RH $97% threshold caused substantial differences between two RH sensors in recording number of hours exceeding the threshold. When both RH thresholds were compared for 2013-2015, on average, RH >=90% resulted in a 53% reduction in variation of cumulative hours between two identical RH sensors placed adjacent to each other in an apple tree canopy. Although both the SBFS warning system and the calendar-based system resulted in equivalent control of SBFS, the warning system required fewer fungicide sprays than the calendar-based system, with an average of 3.8 sprays per season (min = 2; max = 5) vs. 6.4 sprays per season (min = 5; max = 8), respectively. The two fungicide regimes provided equivalent SBFS control when used in conjunction with the warning system. A partial budget analysis showed that using the SBFS warning system with a threshold of RH>=90%was cost effective for orchard sizes of >1 ha. The revised warning system has potential to become a valuable decision support tool for Midwest apple growers because it reduces fungicide costs while protecting apples as effectively as a calendar-based spray schedule. The next step toward implementation of the SBFS warning system in the North Central U.S. should be multiyear field testing in commercial orchards throughout the region. and Wisconsin had suggested replacing leaf wetness duration with cumulative hours of relative 17 humidity (RH) ≥97% as the weather input to the SBFS warning system. The purpose of the 18 present study was to evaluate the performance of a RH-based SBFS warning system, and to 19 assess the potential economic benefits for its use in Iowa. The warning system was evaluated in 20 two separate sets of trials -Trial 1 during 2010 and 2011, and Trial 2 during 2013-2015 -using 21 action thresholds based on cumulative hours of RH ≥97% and ≥90%, respectively, in 22 conjunction with two different fungicide regimes. The warning system was compared to a 23 Hafizi Rosli, 2, Plant Disease traditional calendar-based system that specified spraying at predetermined intervals of 10 to 14 24 days. In Trial 1, use of the RH ≥97% threshold caused substantial differences between two RH 25 sensors in recording number of hours exceeding the threshold. When both RH thresholds were 26 compared for 2013-2015, on average, RH ≥90% resulted in a 53% reduction in variation of 27 cumulative hours between two identical RH sensors placed adjacent to each other in an apple 28 tree canopy. Although both the SBFS warning system and the calendar-based system resulted in 29 equivalent control of SBFS, the warning system required fewer fungicide sprays than the 30 calendar-based system, with an average of 3.8 sprays per season (min = 2; max = 5) vs. 6.4 31 sprays per season (min = 5; max = 8), respectively. The two fungicide regimes provided 32 equivalent SBFS control when used in conjunction with the warning system. A partial budget 33 analysis showed that using the SBFS warning system with a threshold of RH ≥90% was cost 34 effective for orchard sizes of >1 hectare. The revised warning system has potential to become a 35 valuable decision support tool for Midwest apple growers because it reduces fungicide costs 36 while protecting apples as effectively as a calendar-based spray schedule. The next step toward 37 implementation of the SBFS warning system in the North Central U.S. should be multi-year field 38 testing in commercial orchards throughout the region. 39 40
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Introduction 44
Sooty blotch and flyspeck (SBFS) is a fungal disease complex that affects apple, pear, and 45 several other tree fruit crops in moist growing regions worldwide (Gleason et al. 2011, 46 intervals until harvest. According to the U.S. EPA, reduced-risk fungicides pose less risk to 116 human health and the environment compared to conventional fungicides (www.epa.gov). 117
Subplots, each consisting of five adjacent trees of the same cultivar (Golden Delicious, Red 118 Delicious, Jonathan, or McIntosh), were arranged in a completely randomized design, with five 119 replications (subplots) of each treatment per cultivar. For Trial 2, we modified the treatments, 120 evaluating both warning system and calendar-based system with the same fungicide regimes. 121
Four treatments incorporated combinations of two spray timing treatments (the modified SBFS 122
warning system and the calendar-based system) and two fungicide regimes (one using Captan 123 plus Topsin ® M and the other using Captan plus either Flint ® or potassium phosphite (Prophyt ® )) 124 (Table 2) . A fifth (control) treatment received no fungicide sprays after first-cover was included 125 as the fifth treatment. The five treatments were randomly assigned within the cultivars, with each 126 treatment replicated in five to six subplots. To control non-target diseases such as apple scab 127 (Venturia inaequalis) and rusts (Gymnosporangium spp.), all treatments in both Trial 1 and 2 128 were sprayed with a tank mix of mycobutanil (Rally ® 40 WSP) and fenarimol (Rubigan ® ) from 129 green tip through petal fall, and a tank mix of Topsin ® M plus Captan was used as the first-cover 130 spray. All fungicide spray treatments were ended when the first apple cultivar was harvested. All 131 pesticides were applied using an air blast sprayer (John Bean Redline Model 328 Air Sprayers, 132
LaGrange, GA) at 2068 kPa. 133 Data collection and analysis: At the end of growing season on both Trial 1 and Trial 2, 50 134 apples per tree were sampled arbitrarily at harvest from the center three trees of each subplot, 135 including 25 apples from the top half of the canopy and 25 from the bottom half of the canopy of 136 each tree. Incidence of SBFS (% apples with visible colonies) was calculated for each tree, then 137 log-transformed (natural log) to reduce the unequal variation observed in the original data. We 138 considered a generalized linear mixed model for binomial data. There was substantial 139 overdispersion and the amount of overdispersion on the logit link scale differed among 140 treatments. The log transformation did a better job of controlling unequal variation than logit 141 transformation. For Trial 2 data analysis, in addition to SBFS incidence data, percent marketable 142 apples (arbitrarily defined as apples with <2% surface coverage by SBFS colonies) was also 143 determined by using a standard area diagram of SBFS colonization (Batzer et al. 2002) . PROC 144 GLIMMIX (SAS Inc., Durham, NC) was used with treatment and cultivar as the fixed effects. 145
The subplot identifier (replicate × treatment × cultivar) was included as a random effect. Least 146 Squares Means (LSM) was used to assess significance of differences among treatments. 147
Economic analysis. We used data from Trial 2 to conduct a partial budget analysis (Calkins and 148
Dipietre 1983) to assess the cost and economic efficiency of the warning system relative to the 149 conventional calendar-based system, incorporating the cost of both the weather monitoring 150 equipment and its operation (Table 5 , discussed in Results). In this analysis, we used an 151 "equivalent annual cost" (EAC) approach to convert the one-time purchase cost of the devices 152 used for RH monitoring to the annual cost of owning, operating, and maintaining this system for 153 a 3-year life expectancy (Table 3) . We also simulated the total cost for orchards of different sizes 154 ranging from 1 to 50 hectares, and assumed that for orchard sizes >5 hectares, four RH sensors 155 rather than two would be required. We assessed the economic efficiency of the warning system 156 in SBFS management using two measures: average cost ratio and relative cost-efficiency ratio 157 (Tan-Torres Edejer et al. 2003; Polasky et al. 2011) (Table 3 ). The average annual cost ratio 158 was constructed by averaging the cost of the warning system using conventional fungicides with 159 that using reduced-risk fungicides, then dividing this average cost by a calculated average cost 160 across the two calendar-based system treatments during the same growing season. A cost ratio 161 <1 would suggest that for a particular size of orchard, the warning system on average had a lower 162 cost than the calendar-based system. A cost-efficiency ratio expresses the average increase in the 163 percentage of marketable apples for an additional dollar increase in the per-hectare production 164 cost. We constructed a relative cost-efficiency ratio to compare the warning system to the 165 calendar-based system for each year. A ratio >1 indicated that the warning system had better 166 economic performance (lower cost to produce the same marketable apple) than the calendar-167 based system. and 1.5 hours, respectively. When the RH >97% threshold was evaluated using the Trial 2 RH 181 data, we found that on overage, the two paired sensors were 21.8 cumulative hours apart in 182 reaching the threshold; the largest difference occurred in in 2014 with 44.3 cumulative hours 183 difference (Rosli, unpublished data). We also used the Trial 2 data to assess how the SBFS 184 warning system performance would differ if the RH >97% threshold was used instead of RH 185 >90% threshold; the RH >97% threshold was reached earlier than the RH >90% threshold by 27 186 days in 2013, 10 days in 2014, and 9 days in 2015 (Table 4) . 187 SBFS suppression. Incidence of SBFS for both Trials 1 and 2 varied among years depending on 188 prevailing weather patterns. Overall, SBFS was highest for the no-spray control treatment 189
(Supplementary Tables S1 and S2). The log SBFS incidence did not differ significantly between 190
warning-system and calendar-based treatments in either Trial 1 ( Figure S2 ). In order 198 to test equivalent effectiveness of warning-system and calendar-based treatments in controlling 199 SBFS, the statistical analysis was repeated after excluding data from the no-fungicide-spray 200 control treatment in both Trials 1 and 2. The results indicated that the effect was similar to that 201 when the no-spray control treatment was included (Rosli, unpublished data). Of the five growing 202 seasons in the study, only 2013 showed a significant interaction between cultivar and treatment 203 (P<0.05). The first harvested cultivar, McIntosh, had the least SBFS incidence, whereas the last-204 harvested cultivar, Golden Delicious, had the highest SBFS incidence (Rosli, unpublished data) . expense required an orchard size large enough to offset these costs, since spray costs were 209 calculated on a per-hectare basis. Figure 1A illustrates the reductions in the relative costs for 210 operating the RH-based warning system in 2013-2015 over the calendar-based system in 211 controlling SBFS at different orchard sizes. On average, using the warning system resulted in 212 input cost savings for an orchard >1 hectare in size, and the benefits increased for larger orchards 213 ( Figure 1A ). Relative cost-efficiency ratios ( Figure 1B ) indicated that every dollar invested in 214 operating the RH-based warning system would yields a higher percentage of marketable apples 215 than the calendar-based system. Given that the percentage of marketable apples for any given 216 year did not vary statistically among treatments when excluding the no-fungicide control 217 treatment, this ratio is the reciprocal of the cost ratio shown in Figure 1A . It also revealed that, 218 overall, the warning system was relatively more cost-efficient than the calendar-based system for 219 an orchard >5 hectares in size. The cost efficiency was more apparent during dry year (2013) 220 compared to wet year (2014 and 2015) . The simulation of doubling the device cost (four RH 221 sensors rather than two) for orchard sizes >5 hectares showed no apparent differences in either 222 the relative operating cost ( Figure 1A ) or relative cost efficiency ( Figure 1B) . 223
Discussion 225
This is the first evaluation of the RH-based SBFS warning system initially proposed by 226
Duttweiler et al. (2008). Results of our trials indicate substantive progress in modifying of a 227
SBFS warning system for use by apple growers in the Upper Midwest U.S. Changes to the 228 original Brown-Sutton-Hartman SBFS warning system, which was developed for the 229 considerably different climate of the southeastern U.S., were proposed after modeling weather-230 SBFS relationships in Iowa and Wisconsin (Duttweiler et al. 2008) . The primary change was that 231 the action threshold for triggering the second-cover fungicide spray in the newly proposed 232
Gleason-Duttweiler warning system was determined by a RH-based criterion rather than LWD as 233 in the Brown-Sutton-Hartman system. In addition to their modeling results, the authors presented 234 a climate-based rationale for opting for RH over LWD: given that 70% of wet hours during 235
Upper Midwest summers are caused by dew vs. 70% of wet hours being associated with rainfall 236 in western North Carolina (where the original warning system was developed), and that RH 237 sensor measurements are less sensitive to microsite variation within apple tree canopies during 238 dew periods than LWD sensors (Batzer et al. 2008) , using a RH criterion to track duration of wet 239 periods was preferred in the dew-dominated climate of the Upper Midwest (Duttweiler et al. 240 2008) . Trial 1 in the present study established that using the Gleason-Duttweiler warning system 241 could save several fungicide sprays per season while providing SBFS suppression equivalent to 242 calendar-based spray timing. 243
When analysis of the 2011 data for paired RH sensors positioned at the same location in the 244 orchard revealed substantial sensor-to-sensor variation in determining hours of RH ≥97%, we 245 developed a new RH threshold for the warning system -cumulative hours with RH >90% -and 246 modified the number of hours associated with the new threshold accordingly. The 90% RH 247 threshold had the practical advantage of reducing variability between paired sensors by 55%, 248 which should increase reproducibility of warning system results. In the present study, variability 249 between paired sensors was reduced by approximately 53% when the 90% RH threshold was 250 used in place of the 97% RH threshold. Using a RH threshold of >90% is widely accepted as a 251 surrogate for leaf wetness (Wilks and Shen 1991; Sentelhas et al. 2008 ). Several other 252 meteorological studies also found that RH >90% was the preferred threshold for a LWD 253 estimation model and suggested that RH readings were unreliable above 95% (Chen et al. 2012; 254 Kronenberg et al. 2002) . 255
There are >80 named and putative SBFS species, and some of these species have distinct 256 responses to temperature and RH (Gleason et al. 2011; William and Sutton 2000) . According to 257
Johnson and Sutton (2000), RH >88% was needed to germinate conidia of all SBFS species they 258 studied. Field studies found that RH ≥90% was positively correlated with the incidence and 259 severity of SBFS symptoms on apple fruit (Sutton and Sutton, 1994) . Therefore, apart from the 260 high level of variability among RH sensors at RH ≥97%, evidence from both plant pathology and 261 micrometeorology support our conclusion that RH ≥90% is preferable to RH ≥97% as the 262 threshold for the modified Gleason-Duttweiler warning system. 263
The apple varieties in our study were harvested over a period of five to six weeks during 264
September and October, with about two weeks between harvest of each variety. Nevertheless, 265 statistically significant interaction between cultivar and treatment occurred in only 1 of the 3 266 years in Trial 2. Early-maturing cultivars -those that mature in July or early August, four to six 267 weeks before the fall-harvested varieties -often escape SBFS infection, presumably due to California (Scherm et al. 1995) to minimize unnecessary sprays, and also added temperature and 296 solar radiation as decision support criteria. In the present case, observations concerning sensor-297 to-sensor variability in RH measurement led to a lowering of the RH threshold for the Gleason-298
Duttweiler warning system. 299
Even though SBFS risk is higher during wet than dry growing seasons (Gleason et al. 2011) , the 300
Gleason-Duttweiler warning system maintained acceptable SBFS control and saved one to five 301 fungicide sprays per season compared to traditional calendar-based timing of the second-cover 302 spray. Spray savings were greater during dry seasons. An average reduction of 2.7 sprays per 303 year translates into less exposure by growers, farm workers, and consumers to potentially 304 hazardous fungicides. As in a previous study (Babadoost et al. 2004 ) comparing the reduced-risk 305 fungicides kresoxim methyl and trifloxystrobin to the traditional fungicides thiophanate-methyl 306 and Captan, both reduced-risk and traditional fungicides were equally effective in controlling 307
SBFS. 308
The partial budget analysis showed that commercial apple growers in Iowa and other regions 309 with similar climatic condition could potentially reduce their input costs and improve their 310 economic efficiency by adopting the Gleason-Duttweiler system in their orchard. In particular, 311 the two sub-charts of Figure 1 showcase this improvement from two angles: When the cost ratio 312 in Figure 1A is ˂1, it suggests for that particular orchard size, the operating cost for the new 313 warning system is on average lower than that for the calendar-based system; and similarly, when 314 the relative cost efficiency ratio shown in Figure 1B is >1, it shows that for that particular 315 orchard size, every dollar invested in the operating costs would yield a higher percentage of 316 marketable apples for the new warning system vs. the conventional system. In addition, Figure 1  317 reveals that the Gleason-Duttweiler system would be more economically efficient than the 318 conventional calendar-based system as the size of the orchard increases, especially beyond 5 319 hectares; for example, an increase in orchard size from 2 to 10 hectares suggests that the relative 320 cost of the new warning system would change from about 80% to less than 70% of the cost of a 321 calendar-based system. 322
However, using warning systems entails some additional risks. For example, care in handling 323 and maintaining RH sensors and data loggers can influence data reliability, thereby affecting 324 performance of the warning system (Sutton et al. 1984) . Similar maintenance and calibration 325 challenges influence accuracy of LWD sensors (Gleason et al. 2008; Rowlandson et al. 2015) . 326
As shown in our simulation, economic advantage from using the warning system was 327 proportional to orchard size; these savings could compensate for the purchase cost of additional 328 sensors and data loggers that could be required for monitoring in larger orchards. Based on Trial 329 2 results, one hectare was the threshold orchard size above which economics of the SBFS 330 warning system were more advantageous than for the calendar-based system. 331
The main value of the proposed warning system is to provide an efficient management option for 332 controlling SBFS infection, based on weather conditions that drive the risk of outbreaks. 333
Reducing fungicide use also means reducing the exposure of growers to fungicides that can 334 endanger their health. In addition, reducing reliance on fungicides can improve the competitive 335 position of growers in markets that emphasize minimal-pesticide production. Studies on pesticide 336 residues on apples (Kovacova et al. 2014; Sadło et al. 2016 ) and the effects on adults, children 337 The modified Gleason-Duttweiler warning system could benefit many apple growers in the 341
Upper Midwest U.S. as well as in other regions with similar climate. However, additional field 342 testing in commercial orchards across multiple sites and years is needed before the Gleason-343
Duttweiler warning system can be recommended for grower use. In the course of this testing, the 344 practical value of the system will need to be determined within the more complex decision 345 matrix of apple production (McCown 2002; Rodriguez et al. 2009; Sherman and Gent 2014) . 346
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